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ABSTRACT

The equations relating the forces and moments exerted
on a body by the magnetic fields produced by the MIT-NASA
Prototype Magnetic Balance are presented. A computer
program which will derive the aerodynamic coefficients
for a body using these relations is listed along with a
sample output. A preliminary procedure for aligning the
axis of the magnetic suspension system with a reference
axis is detailed. A procedure for determining dynamic-
stability derivatives is outlined. |
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CHAPTER 1

INTRODUCTION

This report covers work undertaken at the M.I.T.
Aerophysics Laboratory to extend the data acquisition
capability of the M.I.T.-NASA Prototype Magnetic Balance.'
Data reduction techniques are presented which derive the
forces and moments exerted on a body from the currents
producing the magnetic fields which suspeﬁd the model.

The primary purpose of the magnetic suspension system
is the measurement of aerodynamic forces and moments in
the absence of support interference. Since no mechanical
contact is made with the model, the aerodynamic forces and
moments must be determined from the magnetic fields required
to support the model. The supporting magnetic fields are
related to the electrical currents passing through the
windings of the suspension system. These electrical
currents are easily measured with suitable accuracy.

The magnetic forces and moments depend also upon the
size and shape of the ferromagnetic part of the suspended
model and in addition are functions of the position and
orientation of the model relative to the suspension magnet
structure. These position variables can be measured either
by means of the internal position sensing system which is
part of the suspension system control loop, or by external
and separate monitoring devices.

The data acquisition and reduction problem can be

broken down into several steps, as follows:



1. Establishment of the form of the data-reduction
equations (relationship of measured variables to magnet
currents, model position, model geometry) to magnetic
forces and moments.

2. Calibration - measurement of the parameters
defined in the data reduction equations. (1, above)

3. Wind-on data acquisition - measurement and
recording of magnet currents, model position, plus wind
tunnel parameters required to reduce forces and moments
to coefficient form.

4., Data reduction - computatioh of the aerodvnamic
forces and moments, force and moment coefficients, Mach
number, Reynolds number.

5. Tabulation and/or graphing of aerodynamic coefficients.

It is seen that the general form of the data reduction
equations must be assumed in advance. If a general multi-
dimensional power series form is assumed which includes all
significant nonlinear and interaction terms, then the number
of parameters or coefficients to be determined in the calibra-
tion process may become impractically large. Each coefficient
in general will require at least one calibration data point.
If on the other hand, more explicit knowledge is available
concerning the form of the equations beforehand, then simplifica-
tion may be obtained.

One of the design objectives of the MIT-NASA prototype
magnetic balance system was simplification of the data
reduction process. The simplification was achieved through
analysis of the basic relationships between magnetic fields
and magnetic forces and moments, and synthesis of a magnet
arrangement to implement these relationships as simply as
possible. As a result, the general form of the data reduc-
tion equations is known, and nonlinear and interaction
terms are predicted. The number of calibration coefficients

is minimized and there is flexibility in the available methods
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of measuring these coefficients.

Since the variables related to the forces and moments
are continuously available electrical signals, it is possible
to provide an essentially continuous record of aerodynamic
forces and moments by sampling the variables at a sufficient
rate, and computing the corresponding forces and moments.
Simple or complex model motions are continuously controllable
over a limited bandwidth, and by correlation of the computed
forces and moments with the model kinematics, unsteady aero-
dynamic effects (such as damping coefficients) may be
evaulated.

This report contains a detailed description of data
reduction equations, calibration methods, and a computer
program for data reduction. In addition, details concerning
a method of determining the aerodynamic pitch damping coefficient,
and details of the preliminary alignment procedures used with

the M.I.T.-NASA Magnetic Balance System are discussed.






CHAPTER 2

STATIC FORCE AND MOMENT REDUCTION EQUATIONS

The equations relating the magnetic forces and moments
on a ferromagnetic body to the applied fields are the
following.?

>
The magnetic force vector, F, is approximately*

> = >
F = KoVi(m*V) Hy (2.1)
and the magnetic torgue, %, is approximately¥*
>
T 2 K Vimx H) (2.2)

where
V = ferromagnetic model volume
% = average model magnetization
EA = applied magnetic field flux density
V = gradient operator
X = cross product operator
Kp = magnetic moment constant

Considering first the equation for the magnet forces,
this equation can be written in matrix form for the frame of

the magnetic balance as,

*Exact equations for F and T require integration over
the volume of the ferromagnetic body.



Y OH 3H j
F X X X I-I—I-
X 0xX oy 0z X
oH oH oH _
Fof = Ky . m, (2.3)
oH dH oH
F Z V4 Z fﬁ
z | ox 3y 3z z

=
The average model magnetization m can be expressed

in the body frame (see Fig. 1) as*

m, =5 (2.4a)
a
H
R, o= 52 (2.4D)
b
m = — (2.4c¢)
c Dc
where . )
H , H, H, = applied magnetic field strength
a b c .
in the body frame
D, Db' D, = average demagnetizing factors (related
to the shape of the ferromagnetic body
- (see Ref. 2))
m_, m , m = average model magnetization in the body

a b C
frame

Egn. (2.4) may also be written in matrix form as,

—— l ey
m = 0 0 H
a Da a
m - o 0 H (2.5)
b ) b :
b
M Lo 0 57 e

To change from the body frame of reference to the balance
frame (see Fig. 1), the body frame will be considered as
being rotated an angle y in the x-y plane, inclined an angle 6
above the x-y plane, and rotated an angle ¢ about the resulting

longitudinal axis. These three rotations can be expressed as

*The approximation used here requires the product of the
demagnetization factor and the magnetic permeability, u _, to
be large; that is, the error in Eg. 2.4 is of the order
of ( 1 )

UoDa,b,c 6



a 1 0 0 cosb 0 -sind cosy siny O x

by ={0 cos¢ sind 0 1 0 -siny¥ cosy O y

c 0 -sin¢ cos¢l {sin6 0 cosd 0 0 1 zZ
(2.6)

where x, y, 2z guantities in the balance frame

a, b, c quantities in the body frame

or after multiplying the matrices

a cosf cosy sinycosé@ -sing 1 X
br=| -sinycos¢+singcosyPsin® cosypcosé+sindsinvsing sindcos6 | < - (2.7)
c sinysin¢+cos¢cosysingd -sindcosy+cosdsinysing cosdcos? z

using this result and noting that the inverse matrix for an

orthogonal transformation equals the transposed matrix yields

X cosb cosy -sinvycosop+sindcosysinb sinysin¢+cosdcosyPsing a
y ¥=| sinycos® cosycosd+sinesinysiné ~-gsindcosv+cosodsinysing b (2.8)
z ~3in6 sin¢cosd cosdcosb c

denoting the transformation matrix as [M], egns. (2.7) and

(2.8) become

a X X a
p{ = ] )y (2.9); dyd = mMIT A p (2.10)
V4 Z C

using this result the average model magnetization and the

applied magnetic fields may be written as,

@ m_ ) H H
_X Ty -2 ¢ *
— — A
mZ mc
H H
C Z

combining egns. (2.5), (2.11) and (2.12) yields



m [~ 1 0 0 H
a
@ = T o 1 o M H (2.13)
Db y
_ 1
mz - 0 0 5‘; HZ

therefore, from egns.

the magnetic forces becomes,

(2.3) and (2.13), the expression for

N 3 3 ™
F e O] Loy o\ (a
X 0X oy 0z D, X
oH BHY BHy T 1
Fy = KpV o 5y 5% [M] 0 ﬁ; 0 (M} Hy
aHz aHZ .3HZ 1
F : 0 0 = H
z L., oX oy LER . D, - z
(2.14)

The torque can be expressed in terms of the magnetic

fields using the expression for model magnetization. First,
expand eqn. (2.2) to yield (rolling torque excluded)
Ty‘= KpV (mz H - MH))
Tz = KTY (mX Hy - mYHX)
or, in matrix form using egns. (2.13) and (2.2)
T1 -7
TX 5 0 0 HX HX
a
T ¢ =kv T {o i o [ mMA4= x 48 & (2.16)
Y T Dy, Y y
T 0 0 l— H H
z b Dc‘ Z Z

Relations among Gradients¥*

The magnetic field gradients are related through Maxwell's

equations. In the region of interest there are no electric

* Some of the material here is taken from Ref. 2. and is

included for clarification.



currents (and no distributed poles) which results in the

following:
Vxi=0 (2.17)
i.e.,
BHX oH
BHX 0 .
-7 = 3% (2.18Db)
3H 3H,
JSZ = W (2.18C)
Also V.4=0 (2.19)
BHX oH dH
i.e., + oL + —Z = 0 (2.20)

ox oy 0z

Several assumptions become necessary at this point in
order to continue the development. These are,

1. In the wind tunnel frame of reference, at the center
of symmetry of the balance system, by virtue of the magnet
geometry, the magnetic field and field gradient components

are related to the applied magnet currents as follows:

H, = Kl;X (2.21a) 32% = K,I, (2.214)
fy = Bty (22210 ﬁgi _ K,I (2.21e)
H, = KT (2.21c) x 9z 4L
= EEX _ BHX _
5% = By K6Is (2.21f)

where

IX = magnetizing current

Ip = pitch current

Iy = yaw current

Id = drag current

IL = 1ift current

I, = slip current

Kl’ K3, K5, K2, K4, K6 = constants.



2. The gradient terms BHZ/By

3.

b D

i.e., D

4.

BHX/BX also controls the coupled terms BHy/ay

c
The magnet current controlling the gradient term

= BHy/BZ =0

The ferromagnetic body is axisymmetric.

and BHZ/BZ.

Since the particular magnet system controlling SHX/BX is

axisymmetric (about x-axis) then these gradient terms are

reduced as follows:
dH

oy

Combining the preceding results with equations (2.14)

and (2.16) yields

FX Kle KGIS
_ _1
Fy = KTV K6IS 7K21D
F, K4IL 0
and
1l
| Tx o 0
. ] 2 1
TY = KTV [M] 0 o
b
T 0 O

1 7
K,I, 5 0 0 X
0 M1 T4 o %- o lmMl4x&
Aror 0 g 1 K
227D L D, |
(2.22)
0 KiIg Ky Ig
0 M] KSI- X KSIY
1
DC K3Ip KBID
(2.23)

If now equations (2.22) and (2.23) are expanded, the

resulting force equations are (assuming roll angle equals

zero, i.e. ¢ = 0)

10
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D
T - - b 2 2
5 {Kle[KlIX(l <l 5 >cos 6cos“yP)
b a
Dy,
“K I (1 - 57 cos?0 siny cosy
Y Da
Dy,
+K3I (1 - =) sinbBcosbBcosy]
p Da
°b) cos?
+ KGIS[_KlIx(l - Da) cos“8 siny cosy
D (2.24a)
C <1 - 2B Dginzycos?
+KSIy(l <l Da>51n Ycos“0)
Dy,
+K3I (1 - ==) sinb siny cosb]
P Da
Db ,
+ K4IL[ KlIx(l - -I-)—;) sinb cosf cosy
Dy,
+K_I (1 - ==) sinb siny cos®
57y Da
Db )
KT (1 - {1 - B;->s1n 6)1}
K Vv D
T b
5 {K6IS[KlIx(l - <l - D_> cos?6cos?y)
b a
Py,
-K I (1 - 5 cos?8 siny cosy
Yy Da
. Db
+K3I (1 - =) sinb cost cosy]
P Da
1 Db , (2.24Db)
+ 5 KZID[KlIx(l - 5—;) cos“fsinl cosy

D
- - - P>gin? 2
KSIy(l <l Da>51n ycos“0)

D

-K,I_(1 - —-]—D—) sin® siny cos6]}
p Da

11



KoV
F,. =5
b

{K4IL[KlIx(l - <l - ;]9-> cos?6cos?y)

a
Db )
-KSIy(l - 5;) cos“6siny cosy
Py
+K3I (1 - ==) sinfcosbcosy]
P Da
1 Dy,
-5 KZID[KlIX(l - 5;) sinbcosbcosy
Py
+ KSIy(l - 5;) gin6sinycos®
Db )
+ K3Ip(l - < - -D-;> sin©6)]}

and the result of expanding the torque equation is

KTV
T =5_—._
Y b

KTV
Tz = D

b

KZ

2
{ (K 3

2
1 Ix

+ K.K

1X5 Iny(l

+ K,K

1K3 IXIp(l

+ K,K

3Kg IpIy(l

Dy,
I®)(1 - 5—)sinecosecosw
p a
Dy,
- 5—) sinbsinycos8
a
Dy,
- B—)(coszecoszw - sin?9)
a
- 5 cos?6siny cosy}
a

D

- 59)(sin2wcosze - cos?ycos?8)

a
D
b
12)(1 - =
Dy,
- ﬁw) sinbcosbcosy
a

) cos?6siny cosy

D

b . .
1K3 IxIp(l - 5 sinfsinycosb }

a

If now the following relations are defined

12
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(2.25a)

(2.25Db)



=
H
<
=
=
=
<
O

A = — 5 (2.26a) D = 5 KlKS (1 ~ 5—) (2.264)
a b a
KV K_K K
B=-2 61 (226p) E=2 (2.26e)
D K
a 1
K.V K,K K.V D
R M ! _ o _ b
C = —D (2.26¢C) F o= 5 K1K3(l 5—) (2.26F)
a b a
K3

these may be substituted into eqns. (2.24) and (2.25) to result

in a final form: D

_ Da a 2 2
F,= A I I {B— + (1 - 5—) cos®Bcos“P}
b b
Da
+ A E IDIy (1 - 59 cos?0siny cosy
b
Dgy
- A G IDIp (L - 5 ) sinbcosbcosy
b
Pa
+B I I, (1-5) cos?@siny cosy
b
Da Da 2
— c— 3 2
+ B E ISIy {5— + (1 5 ) sin®*ycos?6} (2.27a)
b b
-BGII Pa
s’ p (1 - 5—0 sin6sinycoso
. b
Dy
- C ILIX (1 - 5;) sinfcosbcosy
Pa
- CEI.I_ (1 - =) sinbsinycosb
Ly Db
Do Dy
_a _ _a L2
+C G ILIp {Db + (1 Db) sin?0}

13



D D
a - _a 2 2
B II, {5— + (1 5 ) cos®Bcos?yP}
b b
Da
+ BEII (1 - =) cos?8sinjcosy
s Db
Da
- BaG Ist (1 - ﬁg) sinfBcosbcosy
-1 A I I (1 - E-‘:ft-) cos?8sinycosy
2 D™x Db
D D

I
|

Dy b

D
1 a . .
+ i'A G IDIp (1 53) sinfsinycosh

D D
C ILIX {52 + (1 - 53) cos?0Bcos?yY}
b b
Da
+ CE ILIY 1 -5 cos?6ginycosy
b
Da
- CG ILIp (1 - B—) sinBcosfcosy
b
1 Da
+ 5 A IDIx (1 - 6—) sinbBcosbcosy
b
1 Da
+ 3 AE IDIy (1 - 5—) sinfsinycosb
b
—-:-L—AGI'I {E-"-"-+ (1 —Ea—) sin?0}
2 D™p Db Db
F IXIp (cos?6cos?P - sin?)

F 2 _ P .
+ (G Ix F G Ip } sinfcosbcosy

+ F E I I_ cos?6sinycos
ply Ycosy

+ D IXIy sinbsinycost

14

a - __é .9 2
A E IDIy {=4+ 5—) sin®ycos 6}

(2.27b)

(2.27c)

(2.28a)



T =D Iny (sin?Ycos?6 - cos?Bcos?y).

+

H=Ho

2 _ 2 20l
IX D E Iy ) cos“fsinycosy

(2.28Db)
+ DG IpIy sinbcosfcosy

- P I_I sinbsinycosb
XPp
The preceding equations are the relations used in practice
to determine the forces and moments on the ferromagnetic body
if there are no displacements from the central point of the

magnetic balance.

Determination of Constants

For zero 6 and ¢ (pitch and yaw angle) and zero displacements

from the balance central point, edns. (2.27) and (2.28) become
Da
FX = A IXID + 5; (B E IyIs + C G IpIL) (2.29a)
D
F =BII -+*-2aAETI (2.29b)
y X7s 2 Db vy D :
1 Da
FZ = C IXIL - j-D_b.AG IpID (2.29C)
TZ = - D IXIy (2.294)
T =F I 1I (2.29%e)
y Xp

If, furthermore, forces are applied sequentially in the
x, y and z directions, the second term in the force equations
may be considered to be equal to zero. The constants may
now be written in terms of applied forces as

AF ‘
A= ? (3.30a)
XD ] 6=1p=0
{I. I ,I I _=constant
"Tys'"Tp L

15



AF

B = A—I—EIK— (2.30b)
X8 0=y=0
I I _=constant
y D
AFZ :
C = (2.30c)
Blelr | e=y=0
I I _=constant
P D

and in terms of applied torques as

I ATZ
AIXIy o=1=0 (2.31a)
AT
F o= ET"%‘ _ (2.31b)
X 6=¢=0

The constants, E and G, which are a property of the magnet
configuration are determined by changing the model's orienta-
tion, and measuring the corresponding changes in yaw and pitch
current. Following a procedure developed in Ref. 3 and noting
that the ATZ and ATy are equal to zero, the constants, E and
G are determined as follows:

E = - % - 2%“ - 22 : - . .. (2.32a)
b b
B=0
ATy=ATZ=0
and
? I 12 12 v 3
Gl = - - -2 — ... (2.32b)
P=0 b'’? b'
ATy=ATZ=O

16



sin211)l sin26l
a=12 - (2.33a) a' = I? —=—= (2.34a)
2 o) 2
Yl 1
—— - § — -
b = Ionx IXIleOSZwl (2.33b) Db IpoIX IplIxc05261
\ sin2y; (2.34Db)
c=-1; —3 (2.33¢) sin26l
c! = - I}zg ——2—'——— (2_.34C)
and
Iyl = Iy (2.35a) Ipl = Ip (2.35¢c)
lP=1P1 1 6=91 1
I = T (2.35b) I = 1 (2.354)
Yly=0 Yo Ple=o  Po

The ratio of the demagnetizing factors (Da/Db) can be

determined according to a procedure outlined in Ref. 2.

Corrections due to an Offset of the Center of Magnetization
and the Magnetic Center of the Balance

If the center of magnetization of the model is displaced
from the magnetic center of the balance, the gradient fields
will contribute to the uniform fields. To incorporate this
correction expand the total applied field in a Taylor series

of first order to give

ho=HA(0) + (@ ¥ R 2.36
A = Hy ) ( ) Hy (2.36)
where
ﬁA = total applied field
> .
d = displacement of center of magnetization from the
central point of the magnets
V = field gradient operator

Egn. (2.36) can be expanded to yield

17



H = H(0) +...53}.§-x+-£y+—a_’zi"z‘ (2.37a)
3H 9H_ 3H_ _
Hy = Hy(o) + _§§ X + —§§ y + ‘5% z (2.37b)
9H, _ 8H_ _  8H, _
HZ =HZ(O-) +-—§;{-X+—-§§y+——a—22 (2.37C)
Now,
Hx(O) = KlIx (2.38a)
o
Hy(O) = KSIy (2.38b)
o
HZ(O) = KBIp' (2.38c)
o

Using the relations between the currents and fields, these

equations become,

K, _ Ko _ Ry _
I =1 + == I X+ =1y + —1 2 (2.39a)
X xo Kl D Kl s Kl L
K K
_ _4 -1 215
Ip = Ipo + K3 IL X 5 K3 IDz (2.39b)
K K
- _6 -1 2:5
Iy = Iyo + R, I, X 5 R, Iy (2.39¢)
K D
where g2 = 22(=2 - 1) (2.40a)
1 b
K D
Ei = %(52 - 1) (2.40b)
3 b
K D
'K'G‘ = _F}?.G.(Bi - 1) (2.40c)
1 b
K D
Ei = %E(EE - 1) (2.404)
1 ' b
K D
2 A,7a
e T -H—(--—- i l) (2:403)
K3 F Db
K D
ﬁﬁ = g(ﬁé - 1) (2.40f)
5 b
K D
2 A,7a
= = B2 - 1) (2.409)
K5 D Db

18
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N
o
]

effective field currents

I, , I_, Iy = measured field currents
o
To determine the actual displacements it is desirable to
curve fit the calibration data to the expected form of the
relationship between the currents and the forces. For example,
for zero pitch and yaw angle the 1lift equation becomes,

FZ = CILIXO (2.41)

If the correction to magnetizing current is applied the
equation expands to

K K, K
F_ = CI, (I + == I X+ —1I_ y+
pA L Xo Kl D Kl S

4 —

For the case in which the model is loaded purely in 1lift,
K _ Ke _
A= I X = Ax— I y =0 (2.43)

1 D Kl s

Therefore, egn. (2.42) becomes (assuming a tare 1lift load)

K
_ 4 = - >
Fz - FZ = CILIX + C 7 z IL (2.44)
o) o) 1

Now, taking three data points, eqn. (2.44) may be solved in

matrix notation as follows,

F I. I I.°2 1 C
Zy Ly x, Ly K,
F = I. I 1.2 1 C =— 2 (2.45)
22 L2 xO L2 Kl
F I. I I.2 1 F
z3 L3 X L3 zO
oxr
F = [Nl ¢ (2.46)

2

the solution is now obtained by inverting the matrix [N] so
that

c F_
K, _ 1 1
C gz = [N] F, (2.47)
1 2
F F
25 Z3
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The plot of C Ki z determined by egn. (2.47) versus
1

the 1lift position (z) for the delta wing models, shown in
Fig. 2, demonstrates the validity of this correction to the
calibration equations. The drag and side force calibra-
tion equations may be modified to account for X and y dis-
placements in a similar manner.

These corrections for X, y and z are small and may
be neglected if the linear approximation to the drag, side
force, and 1lift calibration data respectively, is accurate
over the range tested, as this is an indication that the
ratio of the uniform fields to the gradient fields is large,
or that displacements are small. The balance should be
capable of accuracies of better than 0.5%.
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CHAPTER 3

APPLICATION OF FORCE AND MOMENT REDUCTION EQUATIONS

Due to the rather lengthy calculations involved in
deriving the forces and moments from the magnet currents
using the relations presented in Chapter 2, a computer
has been used to transform the magnet currents into the
force and moment information they represent. The computer
program used presently is listed in Appendix A. In addition
to computing the forces and moments, this program computes
the aerodynamic coefficients corresponding to the particular
forces and moments calculated for a given‘set of conditions
for the wind tunnel used. At present, a supersonic and a
subsonic tunnel have been adapted for use with the prototype
magnetic suspension system and the computer program will accept
data on the tunnel conditions of either and deduce the informa-
tion necessary to compute the aerodynamic coefficients.
The two wind tunnels are the 4" x 4", Mach 4.24 open jet
tunnel and the dynamic pressure simulator (wind speed variable
from 0 to 500 ft/sec) at the M.I.T. Aerophvsics Laboratory.

Typical output of the computer program is shown in Appendix B.

Experimental Results

Two procedures have been applied to determine the validity
of the expressions for the forces and moments presented in
Chapter 2. The first consisted of hanging weights on a
suspended model and measuring the additional magnet currents

required to balance the applied forces. For this procedure
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Egns. (2.30a~c and 2.31a,b) predict that if a force or
moment is applied to a body with the body axis of symmetry
parallel to the axis of symmetry of the magnetic balance

and the center of magnetization of the body coincident with
the magnetic center of the balance, then the force or moment
is linearly related to the corresponding magnet current (at
constant magnetizing current). A plot of the applied axial
force versus the product of the drag current and the
magnetizing current is shown in Fig. 3 as a typical result.
The points deviate a maximum of 0.5% from the assumed linear
relation (the actual body tested was a blunted 6° half angle
cone). In general, forces nav be measured to * 0.01 oz. 1In
some instances, it may be necessary to apply the displacement
of center of magnetization corrections discussed in Chapter 2
to attain this accuracy.

The accuracy of moment measurement is affected more
strongly by angle of attack variations than are the force
measurements. In explanation, the fields producing the
moments are also used to control the orientation of the model.
The effect is similar to that of a torsional spring. To
determine the torque exerted by the spring, the difference in
the angles at each end of the spring is determined. 1In an
analogous manner, the method of determining the torque
exerted by the magnetic fields may be described as determining
the angular difference of the applied magnetic field vector
and the axis of symmetry of the model. Therefore, the portion
of the field causing the orientation of the model must be
deducted from the total field. The equations presented in
Chapter 2 for moment measurement take this effect into account.
However, if an uncertainty in model orientation exists, then
an uncertainty in the measured momen£ will exist. The
magnitude of the uncertainty is proportional to the magnitude
of the magnetizing field squared since the angle of attack
sensitivity is proportional to the ratio of the moment

producing field to the magnetizing field. In explanation,
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eqn. (2.28a) becomes for zero moments and zero yaw angle

= 0 = 2a _ w2 :E‘_z_ 24 s
ATy = 0 = FIXIp(cos f~-sin“6) + (GIx FG IP )sinBcosb (3,1?

or after some manipulation,

I .
_ 1,1 "x _ sin26
-l = 5(@GF T; GIX) cos2 (3.2)

for small pitch angles (which usually implies small pitch

currents), eqn. (3.2) becomes

-1

(3.3)

|
|

1
05
b

ke

I
or © -G TE (3.4)

X
Since the moment sensitivity from the calibration equation
(egn. 2.32b) is ‘

T =F I I (3.5)
Y Xp
the sensitivity of the moment relation to angle of attack

error can be expressed as

232.2 - E g2 (3.6)

¢ G "x ’
Plots of the applied moment versus the product of the pitch
current and the magnetizing current are shown in figs. 4 and
5 for two configurations (a delta wing and a blunted 6° half
angle cone) which required a different magnetizing current.
In addition, the error band resulting from an angle of attack
uncertainty of ¥ 0.1° is indicated. However, reducing the
magnetizing current to improve moment resolution will not be
feasible in 11 circumstances, since this would reduce

the overall force and moment range. This is because more
current would be required for the other magnets to produce

the same forces and moments at the lower magnetizing current.
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The second approach used to determine the validity of
force, moment and current relations to the magnet currents
involved the use of a pneumatic calibration rig (see Ref. 4).
Briefly, the calibration rig is an array of thrust and
journal air bearings capable of supporting a range of loads.
Loading the pneumatic calibration rig causes changes in the
air gap between the thrust and journal bearings, resulting
in a changed pressure distribution in the air gap. Therefore,
the pressures in the air gap may be related to the forces
exerted on the supported frame. For the purposes of this
series of tests, the desired model was attached to the frame
supported by the air bearings and positioned within the
magnetic suspension system at the same location and orienta-
tion as had been used for the first calibration procedure.
Then currents in the magnets were varied independently
and recorded. Also, the pressures in the air gaps were
recorded and related to the forces and moments the model
experienced. The calibration constants for 1ift, drag, and
pitch (A, C and F resp.) were determined from this informa-
tion and compared with the corresponding constants determined
using the first procedure. The constants determined by
each procedure were different by 0.3% for drag, 1.0% for
1lift, and 0.6% for pitch. Thus, both methods yield good
correspondence, although the latter method will probably
be used more extensively in the future as it represents a
substantial simplification when a five (or six) degree of
freedom calibration is required.

24



CHAPTER 4

ALIGNMENT OF THE BALANCE AXIS WITH THE
TUNNEL AXIS

Pitch and Yaw

Pitching and yawing moments are produced by the vertical
and horizontal field components Hz and Hy respectively.
These field components are produced by superposition of
orthogonal field components oriented at 45° to the vertical,
and orthogonal to the x-axis of the balance. These 45°
field components are produced by two independent pairs
of coils ("inner and outer éaddle coils"). The contribution
from each coil current is summed electrically to provide
two independent signals, one proportional to the vertical
field component, Hz’ and one proportional to the horizontal
field Hy. These gignals are called "Ip", (quasi-pitch
current, proportional to HZ) and "Iy" (quasi-yaw current,
proportional to Hy)'

i.e., Ip =Cy I, +Cy, I (4.1)
I, = C3 Ijg = Cy Tog (4.2)

where

Ip = pitch current

Iy = yaw current

Iis = inner ‘saddle coil current

IOS = outer saddle coil current

Cl’ C2, C3, C4 = constants

This addition and subtraction is done by two potentiometers
which vary the ratios Cl/C2 and C3/C4 independently (see

Fig. 6). Therefore, the resulting signals are proportional
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to the pitch or yaw current. This proportionality is
automatically taken into account in the force, moment
and current relations defined in Chapter 2.

The procedure for aligning the balance axis with
another coordinate system (tunnel geometry coordinate system)
is as follows:

A. Alignment in the yaw plane.*

1. Establish 0.0° angle of yaw in the system to which

the balance is to be aligned.

2. Suspend model magnetically at this 0.0° angle of
yaw in the desired system.

3. Adjust potentiometer for yvaw (see Fig. 6) until
no interaction of pitch angle with yaw current
is experienced.

4. Any direct current offset from zero in the yaw
current corresponds to the misalignment between the
balance axis and the desired coordinate system.

5. Rotate the magnetic balance in the yaw plane and
repeat the procedure until misalignment is within
acceptable limits.

The amount of direct current offset can be calibrated

as current per yaw angle misalignment, to facilitate the

procedure.

B. Alignment in the pitch plane. *

1. Suspend an axisymmetric ferromagnetic body with a .
fineness ratio (body length/body diametér) of approxi-
mately 10:1 by a string at the body's center of
gravity. Turn the magnetizing field and the inner
and outer saddle coil fields on.

2. Yaw the model while maintaining zero pitch angle
with respect to the desired frame of reference.

3. Adjust the potentiometer for pitch (see Fig. 6)
current until there is no interaction of pitch

current with yaw angle.

*Alignment of the coordinate systems to within % 0.1° is

relatively easy.
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4. Any direct current offset from zero in the pitch
current corresponds to the misalignment of the balance
axis and the desired coordinate system in the pitch
plane.

5. Rotate the magnetic balance in the pitch plane and
repeat the procedure until the misalignments are
within acceptable limits.

Once again the direct current offset can be calibrated

as current vs. pitch angle misalignment, to facilitate the

procedure.

The reason the model is suspended by a string for the
pitch alignment is that the lift current may add to the pitch
current as described in Chapter 2, therefore giving a
spurious offset. It is not necessary for the yaw plane since
the side force current is approximately zero for zero applied
sideforce. The lift current, however, is large due to the
model weight.
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CHAPTER 5

A DYNAMIC DATA ACQUISITION PROCEDURE

The following is the development of an approach for
determining stability derivatives using a magnetic suspension
system. At present, this procedure is untested, but offers
several advancements over procedures previously used. The
development assumes small angles of attack and small varia-
tions in angle of attack, but will include the effect of
rotation about points other than the center of gravity. The
frame of reference implied in the development is the body
axis with the origin at the center of gravity of the model

(see Fig. (7)).

Aerodynamic Force and Moment Equations

The general eguations for the pitching moment and 1lift

for as derived in Ref. (5) are resp.*
—ibﬁw—-g-%w+3'é~%ﬂé=PM (5.1)
ow k!
and
mc - 37 w - 9% w - a2 6 = F (5.2)
3% 9 oq Z
w
where )
e 2 dw 36 2348
W, e, e, etc. = 'a—t-, —B—t_’ ; etc

*Static forces and moments are not considered.
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m = mass of the model

B' = moment of inertia about the y axis
w = wind velocity along c (see Fig. (7))
u = wind velocity along a (see Fig. (7))
Z = 1lift force (in ¢ direction)

M = pitching moment (aerodynamic)

F= lift force (magnetic)

Py = pitching moment:(magnetic)

g =8

g8 = pitch angle

The effective wind velocity (w,u) is affected by the point
of rotation in the following manner. First, the displacement

of the model in the c-direction is
c n dp+z {(5.3)

so transforming to the body axis yields,

w = u_sing + dfcosg ~ u e + as (5.4a)

u = u_cosg - dfsing ~ u_ (5.4Db)

where, z displacement along Z-axis (origin chosen such that

z = 0, i.e., the origin is at the center of rotation)
d = displacement of center of rotation and center of
gravity

u = tunnel velocity (in x-direction)

[o0]

Using these expressions for u and w,egns. (5.1) and (5.2)

become

- M b +ae) - M (weo+ad) +mE-ME-p (5.3)
S ow o ag M

and
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Q

mdé - 22 (u b + ab) —.géxume + d8) - 555 =F (5.4)

ow 2

The equations may be nondirensionalized by dividing the

moment equation by ouwzsl ané by dividing the force eguation

by %puwzs using the conventions of Ref. (5). This yields

P
*2" i - ® - *. * - = -—.—L
t 6[1B Gcma] t G[Cmu + Cm + Scma] S[Cma] > (5.5)
g pu_ “S2
and
. N FZ
£*“08 [2u ~- CL&] - t*e[CL& + CL + GCLa] - e[CLa] =7 " (5.6)
a Fhu S
where
o = tan—l v
uOO
P = density of air
S = characteristic area
£ = characteristic length
t* = 2/u_
§ = d&/4
W = m/pSL
Cr. = (8%, /1
Ly = (55 /3PL5%
Cp . (2%, /1
Lq = (aq)/2 puooSSZ,
C _ (8%, ,1 o
La = (Eﬁ)/zpuwo
iB = B'/p852,3
oM
C « = (=) /pSg?
o W
“mo= (Y /4 g2
.y (aq)/pdmuz
3M “
CIftcx - (aw)/puoo'“p“
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To first order PM and FZ are related to the magnet currents

according to the following relation (see Chapter 2)

Py =F I, Ip - heC I Iy (5.7)
and
F, =CITIp (5.8)
where,
C, F = constants of proportionality

h = separation of center of gravity and

magnetic moment center

I, = magnetizing current (constant)
I, = 1lift current
Ip = pitch current

thus egns. (5.5) and (5.6) become
x2073 - el — +#%0 , ' - -
t 6[1B Scma] t G[Cm& +C, o+ Scma] G[Cm ]

o
q
(5.9)
F IXIp—h-CIXIL
2

pu S

and ®

*2“ -— ° - *. ° —_ —
t*°68 [21u cLa] t e[CLa + CLq + GCLa] e[cLu]

cr, I (5.10)
1l 2
é—puoo S

If now, the two preceding equations are Laplace transformed

to allow algebraic manipulation the result is

*2f4 o o 20— % » - = - &

t [1B GCmu]s -t [Cma+cmq+6cma]se [cma]e CZIp 5 ClIL (5.11)
and

%2 - N 20 . - -
t*“§[2u CLa]s 6 t*[cLa+CLq+6CLu] s6 [CLa]G = ClIL (5.12)
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where,

0 = 6 (s)
I, = IL(S)
I =TI (s
p p )~
s = Laplace variable
I S
1 OUw?S/2
FI
c, = X
2 pu_?S2
e = h/%

If egqn. (5.11) is solved for I, and the result substituted
for I; in egn. (5.12), the result is

2 .. - . 2n . _ =
t* lip cscma] s20-t* [cm +c]mq + 6cm] s9 [cm]e
(5.13)
— E. 2 — ° 2% @ ‘ —
c21p 5 {t*28[2u Cch]S B-t [cLa+ch+acL_0L]se [cLu]e}
oxr
213 .+ E - . 2q_ .
t* [lB"‘SCma+ 26{2u %u}]s B-t* [cm+ cmq+6cm+
(5.14)

£ £ _
. 7.{cLOL+CLq+ acLa}]se—[cmq + 5Cp, 1 6= CZIp

In addition to the aerodynamic damping and stiffness,
there exists damping and stiffness due to the magnetic

suspension system. These effects may be incorporated as

follows:
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2 —_ * ° — E_ 4 =
...]18°0 t [(Cma+”“+Mmlse [(Cma+ C OL+I\M]6 C

%273
et 7 “L

I

B 27p

(5.15)
and
*2 - . 2 —t N g ' - ' —
t*“§[2u CLu]S 6 ~t [CLa+CL:6CLa+M m]s@ [CLu+K m]@ ClIL

(5.16)

where K _is proportional to magnetic
stiffness in pitch
M_1is proportional to magnetic
damping in pitch
Kﬁ is proportional to magnetic
stiffness in 1lift
Mﬁ is proportional to magnetic

damping in lift

Wind off equations, (5.15) and (5.16), become simply,

%2 4 2 - *
t [1B +8epls‘e t Mm

i

s - Kme = CZID (5.17)

du

and

* 2 2. LRM? - K1 =
2t*28us“e- t*M o s6 K me clIL (5.18)
To obtain solutions for the stability derivatives in
egqns. (5.15) and (5.16), the coefficients of the second order

terms must be known. But, since it is known that

i >> 6C_, (5.19)
Gl

ane 2u > ¢ (5.20)
ol

egqns (5.15) and (5.16) may be approximated by
t*z[iB + ¢ép] s%6 - . . . . = C,I (5.21)

and
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t*2[26u] s%6 -~ . . . . =C,I (5.22)

Egns. (5.17),(5.18),(5.21), and (5.22) are of the

form
2 2 — 'l M
s“0 + 2§wose + oW 0 = K me (5.23)
where,
{ = damping ratio
Wy = natural frequency
K = constant
m_ = Laplace transform of the forcing function

)

There are several methods of solving for the damping ratio
and natural frequency (The forced oscillation technique and the
phase shift methods are described in Ref. (3)). Therefore, only

the final results are shown below:

dm 2 é
La ds 0y, o7,
a 2dmu_
C..+C = -20C + g ol -z ow ] (5.25)
Ly Lq T L, gst L “op L o,
C I C + L (B" + mhd) [w'? - w 2] (5.26)
m 22 7L 2gS o) o) :
a b 1
d h d
C + C = - = C - — (C + C + = C_ )
m; mq L Tmg 2% L Lq L La
(5.27)
uCX)
+ (B* + mhd) [¢' w' - ¢ w_ ]
asi? p OD P OD
where



where

W, = wind-on lift natural frequency
L

w, = wind-on pitch natural frequency
p

C = wind-on 1lift damping

°L

Lo = wind-on pitch damping
p

wé = wind-off 1lift natural frequency
L

wé = wind-off pitch natural frequency
p

Cé = wind-off 1ift damping
L

Qé = wind-off pitch damping

Center of rotation determination

The separation of the center of rotation and the center
of gravity must also be known to solve egns. (5.15) and (5.16).
This may be determined during the wind tunnel run by evaluating
the amplitude ratio of the 1lift and pitch position signals
from the electromagnetic position sensor. In explanation,

the following development is presented as justification.
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The 1lift and pitch position signals are proportional
to lift position and pitch angle at a point not necessarily

at the center of gravity,

i.e.,
— 1
b4 _'Kl PL + K2 + b'6 (5.28)
8 = K3 Pp + K4 (5.29)
where
Kl’ K2, K3, K4 = constants
b' = separation of position sensor center and

center of gravity

P, = lift position signal
Pp = pitch position signal
combining egns. (5.3) and (5.28) yields
de = Ky P+ K, + bo (5.30)
combining this result and egn. (5.29) yields
K.P_ + K
T R 2
37p 4
Now, if P and Pp are assumed to be sine waves at the driving
frequency, i.e.,
P, = ?; sin(wt + vy) (5.32)
P_ = P_ sinl{wt + 5.33
p D B8) ( )
where
PL’ Pp = constants
B, Y = phase angles
w = driving frequency

then eqgqn. (5.31) can be written as
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(d-b')K3§; sin(wt + B) - K Pp sin{wt + v) = K, - K,{d-b") (5.34)

for egn. (5.34) to be true, both sides must equal zero which
implies

3Pp sin(wt + B) ~

L
=

for egn. (5.35) to be true the phase angle must be equal
(y=B8), implying

)

K
d-p' = —t (5.36)

=
N

3

o

In practice, this ratio may be determined using the same
system used to determine the amplitude ratios (l%~], ]%—])
in the preceding section. This system yields a voltage
proportional to the log of the amplitude ratio of the input

signals. In this case,

Vi= K7log (5.37)

o] |7
-+
=

where,
V'= the voltage from the amplitude ratio

& measurement system
K7,K8 = constants
so, the final result is
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log (d-b') = g— (V' - Kg) + log R—l- (5.38)

Therefore, a particular value of V' will correspond to a
particular d (or point of rotation). The point of rotation
may be varied until the desired V' corresponding to the

desired point of rotation is attained.
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Figure 1, MODEL AND WIND TUNNEL AXIS SYSTEM
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CENTER OF MAGNETIZATION (Xc.m.)
POSITION SENSOR CENTER (Xpg.)

CENTER OF GRAVITY (Xc.c.)
CENTER OF ROTATION (X¢c.Rr.)

d = DISPLACEMENT OF CENTER OF ROTATION FROM THE
CENTER OF GRAVITY (X c.R.-Xc.G.) '

h= DISPLACEMENT OF CENTER OF MAGNETIZATION AND
THE CENTER OF GRAVITY (X¢m.-XcC.6.)

b= DISPLACEMENT OF POSITION SENSOR CENTER AND THE
CENTER OF GRAVITY (Xps.-XcgG.)

Figure 7. LOCATION OF VARIOUS CENTRAL POINTS
REFERENCED TO THE WIND TUNNEL AXIS
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APPENDIX A

STATIC DATA REDUCTION COMPUTER PROGRAM FOR USE WITH THE
PROTOTYPE MAGNETIC SUSPENSION SYSTEM IN BOTH THE
MACH 4425 OPEN JET TUNNEL AND THE DYNAMIC PRESSURE

STMULATOR AT THE MalsTe AEROPHYSICS LABORATORY

DIMENSION ALPHA(30)s PSI{(30)s THETA(30)s VXQ(30)s VFO(30)s VYO(30)
1svLO(30)s VDO(30)s VS50(30)
1 CONTINUE

THE NEXT STATEMENT READS THE FIRST DATA CARDe THE FIRST
COLUMN SHOULD CONTAIN THE VARIABLE t'JUST', THE SECOND THE
VARIABLE 'ICORE's AND THE COLUMNS 3-72 A DESCRIPTION
OF THE TEST IF SUCH A DESCRIPTIOM 1S DESIRED PRINTED
WITH THE REDUCED DATAs THE FUNCTION OF THE VARIABLES !'JUST?
AND 'ICORE' ARE DESCRIBED LATER.

2 READ(251000) JUSTs ICOREs (ALPHALlI)s1=1:18)
IF (JUST) 3,3000.3
3 CONTINUE
o WRITE (3,2000) (ALPHA(I)s1=1»18)
IF (1=JUST) 20s 21s 20
21 CONTINUE
WRITE (35,2001}
GO TO 22
20 CONTINUE
WRITE (34+2006)
22 CONTINUE

LOGICAL DECISION CONSTANTS DESCRIBING CONDITIONS
ARE ASSUMED THE SAME AS FOR THE PREVIOUS MODEL IF 'ICORE!
EQUALS ZEROs OTHERWISE THEY WILL BE READ IN AGAIN.

IF (ICORE} 5318495

THESE ARE THE CONSTANTS USED IN THE DATA REDUCTION.
THEY ARE DEFINED AS FOLLOWS

AsBsCsDsEsFaG= MAGNET CONSTANTS DEFINED PREVIOUSLY

DADB=DA/DB=RATIO OF DEMAGNETIZING FACTORS

CoOLX=(A#G/F)#(({DA/DB)=1)%X= CORRECTION FACTOR DUE TO DISPLACEMENT

C2C¢1K = THIRD ORDER CORRECTION TO MAGNETIZING CURRENT

C4Clz={r#*G/F1#({DA/DB)=1)%Z= CORRECTION FACTOR DUE TO DISPLACEMENT

AREA = REFERENCE AREA FOR NON-DIMENSIONALTZATION

DIMEN = RFFERENCE LENGTH FOR NON-~DIMENSIONALIZATION

XREF = REFERENCE LENGTH FOR CENTER OF PRESSURE CALCULATION

XCM = LOCATION OF CENTER OF MAGNETIZATION FROM NOSE OF MODEL

XMOM = MOMENT REFERENCE POINT FROM NOSE

DS = PRESSURE CALIBRATION CONSTANT FOR SUBSONIC TUNNEL

DAsDBsDEsDCsDGoDFsDOsDP = TUNNEL CORRECTION CONSTANTSs SEE
EQUATIONS PRECEDING STATEMENT 1000 FOR INTERPRETATIONe

5 READ {2:1002) AsBsCsDsEsFsGsDADBC2C1XsC2CIKeC4C12Z

READ (2351001} AREAsDIMENsXREF ¢XCM¢XMOM5DS¢DAeDBsDEsDCsDGoDF+DOLDP
18 J=1
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£ 00 NTINUE

THE NEXT TWO READ STATEMENTS RCAD IN TARE DATAs EVERY
ANGLL OF ATTACK TESTED MUST HAVE TARE DATA CORRESPONDING TO THAT
AGLL OF ATTACK. THE VARIABLES ARE DEFINED AS FOLLOWS

AT = BRANCH CONSTANT IF ZEROs NO MORE TARES WILL BE
SOUMILDs  1F NON=-/EHDe ASSUMES ADDITIONAL TARES
FOLLOW.
THE TALD)Y - PITOH ANGLE
POSTCYY - YAW ANGLE
VED(J) s VYUY s VPO(J) e VDOLJ) e VSO e AND VXO(J)
CORRESGPOND TO THE WIND OFF VALUES OF ItLs IYs IPs IDo

Ie ARD IX RESP. AT THE ORIENTATION PREVIOUSLY
DELCRIBED

HEAD (21003) FATSTHETALID)Y ¢PST(Y)
IF (FAT) TeHs!
7T READ (251004) VLOUJ)e VYOUJ)s VPOLJ)s UDI(LYe VSOU(J)e VAD(I)

VXIS VX () v 2C1IXRVDOL ) +C2CIKR (VDO (I ) #YDOLN /VXDEI NI +C4CTZ#VLO(
1J)

JMAX - J
Jrd+l
GO TO 6

CTTHE NI XT TWO READ STATEMENTS READ IN THE WIND ON
CURREMNTS s AND TUNNEL CONDITIONS, THE VARTABLES ARE AS
[ LOW (SUBSONTC MEANTNG IN PARENTHFSIS)

[RUNLT T1RRUMNe AND JTRUN? CORRESPOND TO A RUN NUMHBER. IF 'IRUN?
FQUALS 71RO ASSUMES DATA READING 15 COMPLETE AND
RUJURNS 10 STATEMENT 1o (SAME)

1O -« TOTAL TEMPERATURL ( ROOM TEMPERATURE )

PO TOTAL PRLSSURL ( ROOM PRESSURE )

PSTl o YAW ANGLE (SAME)

THETY = PITCH ANGLE (SAME)

POt T = ( PRESWURE SET RATIO TO DYNAMIC PRESSURE )

NO MEANING OR SUPERSONIC DATA

VLe VYs VPs VDe VSe AND VX [QUAL MAGNET CURRENTS ILe [Ye

I1Pe IDe I5s AND X RESP e

B RUAD (251005) ITRUNToIRUNS IRUNZ2sTO POePSILeTHET] +PSET
IF (IRUNYD:1 9

9 READ (210061 VL VYe VI's VDs VSe VX
Jl

13 CONTINUL
PFOCIHETACY~THETT) 11510611

10 IF APST(II=-PSTY) 1lelbell

11 IF (JMAX=J) 30003000512

12 44+l
GO TO 13

14 CONTINUFE

THE FOLLOWING ARE THE DATA REDUCTION EQUATIONS TO YIELD
THE AFRODYNAMIC COEFFICIENTS,

TSIN=SIN{THLT, #1eT4%3E=~02)
TCOLG=CQS(THETL #]4,74%3E~02)
PSIN=SINIPST1%)107645%36-=02)
PCOL2COSIPS]1%]1476453E-02)
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DAB=1.0-=DADB
VA=VX+C2C1IX*VYD+C2CIK# (VDRVD/VX)+C4CLlZ%VL
VOVX=VD#VX=VDO(J}#VXO(J)
VDVY=VD#VY=VDO (J)¥VYO(J)
VDVP=VD#VP=yDO(J}#VPO(J}
VSVX=VS#VX=VSI(J)#VXO(J}
VEVY=VS#VY=VSO(J)#VYO(J)
VSVP=VS#VP=VSO(J)#VPO(J)
VLVX=VL#VX=VL 0(J)%VX0{J)
VLVY=VL¥VY=VLO(J)#vYO({J)
VLVP=VL*VP=vLO(J)%VPO(J)
VXVY=VX#VY=VYXO(J)RVYO(J)
VXVX=VX#YX=y X0 (J)2VXO{ J)
VYVY=VY#VY=YYO(J)#VYO(J)
VPVY=VP#VY=YPQ (J}*VYO(J}
VXVP=VX#VP=VXO(J)%VPO(J)
VPVP=VP¥VYP=VPO(J)#VPO(J)
TSIN2=TSINx*%2
TCOS2=TCOSH*2
PSINZ2=PSIN##2
PCOS2=PCOS#%2

FORCE = CURRENT RELATIONS

FX=A%VDVX# (DADB+DAB*TCOS2%PC0S2) + A*E#VDVY*#DAB®TCOS2%#PSIN#PCOS
1 -A#GxVDVP*DAB*TSIN#TCOS*¥PCOS + B#YSVX#DAB#TCOS2#PSIN#PCOS
2 +BRE*¥VSVY#*(DADB+DAB*PSIN2#TCO0S2) = B#G*VSVPXDABXPSIN®TSIN®#TCOS
3 —-CH*VLVX#DAB#TSIN#TCOS#PCOS = CH*E#VILVY#DAB#TSIN%#TCOS%#PSIN
4 +C*GrVLVP* (DADB+DAB*TSINZ)

FY=B*VSVX* (DADB+DAB*#TCOS2#PC0S2) + B*E#VSVY#DAB#TCOS2#PSIN*PCOS
1 ~B*G*VSVPXDABH*TSIN*#TCOS*¥PCOS ~ Qo5#A#VDVX#DAB#TCOS2*PSIN*#PCOS
2 =0.5%A#E*VDVY* (DADB+DAB#PSIN2#TC0S2)

3 + 0e5%A*GHVDVP#DABX*TSIN®#TCOS*PSIN

FZ=C#VLVX# (DADB+DAB*TCOS2#PC0S52) + C*E#VLVY#DAB*#TCOS2#PSIN#PCOS
1 =C*GrVLVP#DAB#PCOS*¥TSIN®¥TCOS + Q+5%A#VYDVX*DAB#PCCS#TSIN#TCOS

2 +0.5¥A¥EXYDVY*DAB#PSIN®TSIN*#TCOS

3 =05#%A#G*#VDVP#* (DADB+DABX*TSIN2)

MOMENT = CURRENT RELATIONS

TY=F#VXVPR(TCOS2#PCOS2~TSIN2)

1 .+ ((F/GI#VXVX=F#GXVPVP) #TSIN#TCOS*#PCOS
2 + FrE*VPYY*#TCOS2#PSIN®#PCOS

3 + D#*VXVY#TSIN*#PSIN*TCOS

TZ=D*VXVY* (PSIN2#TC0S2~-TCOS2%PC0S2}

1 + ((D/E)#VXVX=D#E#VYVY) *TCOS22PSIN#PCOS

2 + D*G*VPVY*®TSIN®#TCOS*PCOS

3 = F*VXVP#TSIN#PSIN#TCOS

BRANCHES ON *JUST?!» FOR THE FOLLOWING CONDITIONS
(1) 'JUST®! EQUALS ZERO IMPLIES NO MORE DATAs
(2} %JUST! EQUAL TO ONE IMPLIES SUPERSONIC DATA
(3) *JUST® EQUAL TO TWO IMPLIES SUBSONIC DATA

IF (1=JUST) 16215516
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15 CONTINUE
REL={P0O/1260)1#( (1684BE+T7%#T0)+263183E+10)/{(TO +459:69)%#2)
1 #DIMEN
Q=PO*0,05999
CO=FX/{Q*AREA#16:0)
CL=FZ/({Q#AREA#16,0}
CS=FY/(Q*AREA%16,40)
PMaTY/(Q*AREA#DIMEN#1640}
YM=TZ/(Q*AREA#DIMEN#16:0) .
XCP=( (XCM=XREF)/DIMEN) ={(PM/ (CL¥TCOS+CD*TSIN)}
PM=PM+ ( { XMOM=XCM) /DIMEN) #(CL*#TCOS+CD*TSIN)
WRITE (352002) IRUN1#IRUNs IRUN2sTOsPOsQeRELsTHET1oPSI12CDOoCLaCSsYM
19PM
WRITE (352003) XCPsFXsFZsFYsTZsTY
GO TO 8
16 CONTINUE
SIGMA=(P0/29+92)%#(288,0/{TO0+27340) 1}
PSET=DS*PSET
Cl=0e030257=21eb4E-06%T0
PSET=C1%#PSET
Q=7e232%PSET+4e325T#PSET#PSET
V2348¢07%#SQRT{(Q/SIGMA)
S=V/5QRT{4324632%TO+1.42126E+06)
REL=(DIMEN/12¢0)#{SIGMA#V#2,37BE+06)/(358+3+0987%#T0)
CD=FX/(Q*AREA*1640)
CL=FZ/{Q*AREA#1640)
CS=FY/ (Q*AREA*¥16460)
PM=TY/{Q*AREA#DIMEN#1640)
YM=TZ/ (Q*AREA*DIMEN%1640)
CD1=CD ’
CLl=CL
CD=(DA~DB*CD1 ) #CD14DE#CL1%CL1
CL=(DC~DGXRCD1I*CL1
PM= (DF=DO*CD1 ) #PM+DP#CL 1
XCP=( {XCM=XREF) /DIMEN)=({PM/{CL#TCOS+CD*TSIN})
PM=PM+( ( XMOM=XCM) /DIMEN)#{CL#TCQS+CD#*#TSIN)
WRITE (3+2004) IRUN12IRUN: IRUNZ2IPSET»SsQsRELITHET19PSI1sCDaCLsCSsY
IMePM
WRITE (222005) XCPsFXsFZsFYsTZsTY
GO TO 8

1000 FORMATI211sA2917A4)

2000 FORMAT (1H1//30XsA2s17A4///)

2001 FORMAT (4X»3HRUNsBXs6HTOTAL s4Xs6HTOTAL 22Xs THOYNAMICS2X e SHREYNOLD
1591 XsSHPITCH o 2X s 3HYAW/ 2X s 6HNUMBER s 1 X s L 1HTEMPERATURE s L X s SHPRESSURE ¢
21X s8HPRESSURE ¢ 2X s 6SHNUMBER s 2X s SHANGLE 9 1X s SHANGLE 85X s 4HDRAG 9 8X s 4HL IF
3Te8Xs4HSLIP8Xs4HYAW o TXsSHPITCH//)

1001 FORMAT (6F1063/4F10¢3/4F10s3)

1002 FORMAT (4E1563/4E15.3/3E1543)

1003 FORMAT (119F9533F10e3)

1004 FORMAT (6F1063)

1005 FORMAT (A33135A1:3Xe5F10e3)

1006 FORMAT (6F10:3)

2002 FORMAT(1H sA35135A1eFBalsF10s19F9:43E120452F5e1e5H C(D=3FB8e5e4H Cl=s
2=s+F8 .
1s594H CS=eFB8eB5sbH CN23FBeSs4H CM=2sF845)

2003 FORMAT (1M s10Xs33HCENTER OF PRESSURE IS LOCATED AT sF7:4210Xe
1 LM FX=sF7e335H FZasFTe3es5H FY=eFT7e3s5H TZ=eFTa3
134H TY=3F7s3/) :

2004 FORMAT(IH sA3¢13:A10FB8:35F10e49F9:49FE12:492F52185H CD=eFB8e5s4H ClL=s
2=9F8 '
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leS5s4H CS=3F8s5s4H CN=9F8e5s54H CM=9F8,:5)

2005 FORMAT (1H »10Xs33HCENTER OF PRESSURE IS LOCATED AT sF744510Xe
1 4H FX=sF7e355H F2=9FT76385H FY=9FTa3s5H T2=sF7e3
lsa4H TY=sFT43/7) ‘

2006 FORMAT (4Xe3HRUN3S4Xs8HPRESSURE 82X s 8HMACH NOe 81X e 7THDYNAMICs2X s BHREY
INOLDS»1XeSHPITCHs 2X 9 3HYAW/2X ;6HNUMBER s 5X s 3HSET 13X s
21X s8HPRESSURE 02X s 6HNUMBER s 2X s SHANGLE s 1 X s SHANGLE ¢ 5X 2 4HDRAG s BX s 4HL IF
ATs8Xs4HSLIPs8X s 4HYAW s 7X3s5HPITCH/ /)

3000 CALL EXIT
END
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APPENDIX B

NOTES ON COMPUTER OUTPUT

Symbols

CD=C Drag coefficient

DL=C_ Lift coefficient

Cs=Cq Side force coefficient

CN=Cy Yawing moment coefficient

CM=Cy, Pitching moment coefficient
FX,FY,FZ,TZ,TY=FX,Fy,FZ,TZ,T Forces and Moments

(oz, in-oz)
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